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Motivation

!Bent crystals can deflect high energy beams with small 

bending radii (O(0.1m))

• lots of proton data, little data for high-energy e– or e+

!There is interest in crystal collimation for e+ and e–

• Expected benefits in size and efficiency of collimation

• Not enough data to actually design such a system

• Possible application to ILC, LCLS-II 

!There is interest in channeling radiation

• Intense ! ray production, possibly narrow-band

• “Crystal undulators” with e– ??

• Can we get to significant intensity?

• Volume-reflection (VR) radiation not well understood

2



U. Wienands, Argonne National Laboratory
Fermilab APT Seminar, 12-Jly-2016

3

Crystal Experiments at SLAC

!E212 (Uggerhøj et al., FACET)

• Radiation from GeV electrons in diamond – with intensities 

approaching the amplified radiation regime

• U Aarhus—U Ferrara—SLAC—Cal Poly—CERN—U New Mexico

—U Frankfurt—U Mainz—U Amsterdam—U Johannesburg

!T513 (Wienands et al., ESTB)

• Channeling and Volume-Reflection Studies of High-Energy 

Electrons in Crystals

• SLAC—U Ferrara—U Aarhus—Cal Poly

!T523 (Wienands et al., ESTB)

•!-Ray Production Study with Electrons

• SLAC—U Ferrara—U Aarhus—Cal Poly
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Channeling Potentials

Binary collision: deflection  " scatters

Continuum model: average potential

(! Coulomb)
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Particle-Crystal Interaction

Possible processes:

! multiple scattering

! channeling

! volume capture

! de-channeling

! volume reflection

Dechanneling rate ! # in channel => ! exp(-s/Ld); Ld is called dechanneling length

W. Scandale (adapted)

Critical angle: max. angle of
incoming particle against plane 
where channeling is still possible

"crit = !2U0/E
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Phase Space (bent crystal)

!Same topology as a (stationary or moving) rf bucket

E. Bagli

not channeled
due to surface 
transmission
< 1

E. Bagli

channelingVR, amorph
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Quasi-Mosaic Crystal
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Guidi et al.



• Crystal thickness 60±1 µm

Once the crystal will be back in 
Ferrara we will measure crystal 
thickness with accuracy of a few nm.

• (111) bent planes (the best planes for 
channeling of negative particles).

• Bending angle 402±9 µrad 

(x-ray measured). If needed I can 
provide a value with lower uncertainty.

Main crystal features

A. Mazzolari
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Si (111) Potential for T513 Crystal (! = 0.15 m)
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T. Wistisen

"crit = !2U0/E " 80 µr @ 6.3 GeV
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FACET and the End Station A Test Beam (ESTB)

!ESTB: up to 15 GeV e–, 5 Hz, # 200 pC/pulse

• “pulse stealing” from LCLS

!FACET: 20 GeV e+ or e–, 2 nC/pulse, 10 Hz, “203 $m3”

!control of optics, momentum spread

• both can provide relatively parallel beam (<10 $rad)

• FACET has a e– spectrometer downstream; % 0.1% resolution
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T513/T523 Experiment Layout (ESTB)
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Top View, not to scale U. Wienands et al., Phys. Rev. Lett. 114, 074801 (2015)
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T-513 being installed (by ESTB Group)
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Beam finder 
wire installed 
for 1st beam

Mirror for 
angle 
readout

Chamber 
(“Kraken”)
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Crystal mounted in “Kraken” Chamber in ESA
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Crystal-Rotation @ 4.2 GeV
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(Movie credit: T. Wistisen)
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Triangle Plots
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Colors rep. log(intensity).
Crystal angles from fit to laser spot (est’d uncertainty 2…5 $rad)

120 $r
80 $r

6.3 GeV 3.35 GeV
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Fit to Intensity Distribution

!unfold 2 peaks + exponential dechanneling tail
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Channeling efficiency := (channeling peak)/(all)
Surface transmission := (channeling + tail)/(all)
Dechanneling Length := xi/(defl. angle) * (crystal length)

1-" width 38 µrad

1-" width 44 µrad

Ld 41 µm

channeling effi 20%

surf trans 53%

6.3 GeV example
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Dechanneling Length of e–
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T.N. Wistisen et al., Phys. Rev. ST-AB 19, 071001 (2016)
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Volume Reflection Angle
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T.N. Wistisen et al., Phys. Rev. ST-AB 19, 071001 (2016)

!
VR

= 338µrad "E[GeV]
#0.81

!
VR

= 207µrad "E[GeV]
#0.5
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Scattering in “Free” Direction
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T.N. Wistisen et al., Phys. Rev. ST-AB 19, 071001 (2016)
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Summary of T513 Results

!Channeling efficiency % 18…24 %, VR up to 95%

!Dechanneling length % 40…60 $m

•  seem to be independent of the beam energy

!Surface transmission 57% (6.3 GeV)…65% (3.35 GeV)

• calc: 57% @ 6.3 GeV (Wistisen)

!Scattering seems enhanced in the vertical plane for 

channeled particles

• by roughly a factor 2 (X0 –> X0/4)

20
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E212: First Channeling Data of e+ in Bent Crystal
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e– data, 20.35 GeV, 1010 e–/pulse

E212 Data

E212 Data

20.35 GeV e+

1010 e+/pulse
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The crystal was mounted on a rotation table that could
be moved with roughly 10 µrad precision. This allowed
rotating the crystal and performing an angle scan of the
channeling phenomenon. The rotation angle was mea-
sured by reflecting a laser beam off the crystal holder
and measuring the position of the reflected laser spot as
it moved on a screen placed 1.16 m away.

The spatial resolution of the e± detector screen was
3.5 µm and its effective area was 7.6 by 8.8 mm. The de-
flection angle that corresponds to maximum channeling
has been set equal to θb.

For electrons, the angular distribution obtained when
the crystal is oriented in the maximum channeling direc-
tion is shown in Figure 3.
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FIG. 3: Angular distribution of electrons obtained at maxi-
mum channeling conditions. The insert provides a zoom in
the regions around the quasichanneling peaks. The green and
the red curves are individual gauss fits applied to obtain the
center of the oscillations. Fits are performed for deflection an-
gles of 0.295-0.315 mrad and 0.320-0.350 mrad respectively.

The peak at 0 mrad is the primary beam and the
smaller peak at ∼ 400 µrad is the channeled electrons.
At angles slightly below the latter, two quasichanneling
oscillations are visible. As predicted in Ref. [2], these os-
cillations are only visible near the channeling peak. The
locations of the two peaks are obtained by fitting gaus-
sian functions separately and the distance between them
is 27±3 µrad. This is in very convincing agreement with
the theoretical estimate for the distance between the qua-
sichanneling peaks, (

√
2− 1)

√
2d0/R = 26.8 µrad.

For positrons at deflection angles of ∼ 0.2− 0.3 mrad,
quasi-channeling oscillations can be clearly seen in the
dechanneling tail in Figure 4.

It highlights the relevant angular region and the data
used for this figure was taken with an optical filter such
as to optimize for the observation of the channeling os-
cillations.
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FIG. 4: Angular distribution as in Fig. 3, but for positrons,
zoomed and taken with an optical filter at the detection
screen, to optimize for the intensity of dechanneling peaks.
Blue dots are data and red curves are gaussian functions fit-
ted individually to the datapoints around the peaks. The
’shoulder’ to the right of the highest peak is unexplained, but
may be related to the two planar spacings in the (111) orien-
tation.

These quasi-channeling oscillations are primarily ob-
tained when the crystal is oriented in the maximum chan-
neling configuration.
The peaks are fitted by individual gaussians to obtain

their location, as shown in Figure 4. The locations of
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FIG. 5: Angular position of oscillation peaks, where n is the
peak number as counted from the channeling peak towards
smaller deflection angle. The upper color plot shows an ex-
ample of raw data from the screen.

the centroids of these peaks are presented in Fig. 5 along
with a fit with a function of the form θ = θb−

√
2d0/R

√
n,

as prescribed by eq. (1), where the two parameters θb and
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Analysis of the “quasi-channeling oscillations”
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"b = 402±9 µrad, R = 0.15 m,
ds= 3.14Å (known), d0 = 4 ds

R. Mikkelsen et al., in prep.

x (Å)

V
 (

eV
)

A. Sytov et al., Eur. Phys. J. C (2016) 76: 77

!def = (!b +!t )"
2d

0
n "1( )
R

+
2ds

R

intensity data

R = 15±1.3 cm
!t = 40 $rad
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Radiation (apart from brems & CBR)

!Channeling radiation

• smooth bend… synchrotron-like

• betatron oscillations… undulator-like; but only for e+

!VR radiation

• synchrotron-like, harder than channeling radiation

!Undulator

• E212 @ FACET

- “Kostyuk” undulator

• T523 @ ESTB

- “Volume-reflecting” undulator

!Parametric X-rays (not treated here)
23
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Crystal Undulator (Solov’yov, Korol, Greiner et al.)

24

Fast betatron oscillation, “slow” crystal undulations.
Expected to work with e+, but e– don’t channel well enough.



the amplitude of undulator oscillations has to be much larger
than that of the channeling oscillations only if the frequency
of the undulator radiation ωu is smaller than the frequency of
channeling oscillationsωc. Indeed, the energy radiated in a cer-
tain direction (the forward direction in the present case) by a
moving particle in the dipole approximation has the following
dependence on the transverse oscillation amplitude a and the
radiation frequency ω:

dE

dω dΩ

∣

∣

∣

∣

∣

θ=0
∼ a2ω4. (6)

Here dΩ is the differential of the solid angle and θ is the angle
between the direction of the radiation emission and the average
direction of the particle motion.5 Therefore, condition (4) is
not necessary, i.e. the amplitude of the undulator bending can
be smaller than the channel width,

au < d, (7)

if the frequency of the undulator radiation is considerably larger
than that of the channeling radiation

ωu " ωc. (8)

To fulfill this condition, the period of the crystal bending λu
has to be much smaller than the smallest period of channeling
oscillations λc:

λu # λc. (9)

The last inequality violates condition (5). This can be seen from
the following consideration. The period of the channeling os-
cillations can be estimated by

λc $ 2π

√

E

U ′′(0)
, (10)

where U ′′(0) is the second derivative of the transverse potential
energy with respect to y in the point of its minimum y = 0 (the
axis y is perpendicular to the channel boundaries). Taking into
account that6

U ′max ! U ′′(0)d (11)

in combination with (10) and (9) one obtains from (5)

1 > C "
au

d
. (12)

The bending amplitude of the crystalline undulator au cannot
be much smaller than the channel width d otherwise it becomes
comparable to (or even smaller than) the amplitude of thermal
vibrations of the atoms in the crystal. Clearly, the undulator

5The dependence (6) becomes obvious from the proportionality of the ra-
diated energy to the particle acceleration squared. For transverse harmonic
oscillations, the transverse acceleration is proportional to the oscillation fre-
quency squared and linearly proportional to the oscillation amplitude. Hence
the dependence (6) is obtained.

6Expressions (10) and (11) would be exact equalities in the case of parabolic
potential. For a real potential, the second derivative is not constant and the
maximum value of the force is reached at |y| < d, hence (10) is an approximate
equality and (11) is an inequality.
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Figure 3: Simulated trajectories of a positron (upper panel) and an electron
(lower panel) with energy E = 855 MeV channeling in a crystalline undulator
with a small amplitude, au = 0.4 Å, and a short period, λu = 400 nm. The
projectile does not follow the shape of the bent crystallographic planes (the
thick wavy lines). It performs channeling oscillations with roughly the same
period as in a straight crystal. The effect of crystal bending on the shape of
trajectories is barely seen. The figure is a modified version of Fig. 1 published
in [40].

effect will not be present in this case. If au is comparable to d,
the two inequalities of (12) become incompatible. One might
expect that it destroyes the undulator effect, but, fortunately, it
does not. Condition (5) is, in fact, not applicable in the case of
SASP CU (small amplitude (7) and short period (9) crystalline
undulator).
In figure 3, simulated trajectories of a positron and an elec-

tron channeling in a SASP CU are plotted. One sees from the
figure that the particles do not follow the shape of the bent crys-
tallographic planes. Therefore, formula (5) is irrelevant. The
channeling process is still present. The particle motion can
be roughly considered as if it were governed by a continuous
potential averaged over the oscillations of the plane. In other
words, it is similar to the channeling in a straight crystal but the
average transverse potential is somewhat different.
Still, a more thorough consideration reveals that the particle

performs also transverse oscillations with the undulator period
λu. The amplitude of these oscillations a is much smaller than
the bending amplitude au. Therefore, it is difficult to see the
modification of the trajectories induced by the crystal bending
in figure 3. Nonetheless, the corresponding Fourier harmon-
ics are present and they are seen in the spectra of the emitted
radiation shown in figures 4 and 5.
The undulator radiation peak is higher than the channeling

radiation maximum despite of the amplitude a of the undulator
oscillations of the projectile being much smaller than the am-
plitude of its channeling oscillations ac. This seemingly para-
doxical fact can be easily understood if relations (6) and (8) are
taken into consideration.
The undulator peaks are narrow and well separated from the

channeling radiation. The undulator and channeling radiation
peaks have approximately the same absolute width. Nonethe-
less, the relative width of undulator peaks is much smaller due
to (8).
Due to small λu, condition (1) can be satisfied for SASP CU

even if it is used with a moderate energy electron beam. This
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Kostyuk Undulator

!“Slow” betatron oscillations, fast undulations

• Undulator period < betatron period

• supposed to work with electrons as well.

!E212 undulator: strained lattice Si (111) crystal

• variable doping with Ge creates undulations

• 4 $m long, 10 periods

• some signal at 850 MeV (MAMI); too short for 20 GeV (FACET)

• longer version (30 $m) 

now in hand

- test likely in August
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VR Undulator

!Stack of bent crystals; T513-crystal-like

!Acceptance: "b–"crit

• " 300 µrad for T513 xtal

!MS: 30 µrad @ 10 GeV

• 10 periods: 135 µrad,

< 300 µrad

!A 10 period undulator 

could work!
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10-Period Undulator Estimate

!Assuming 60-$m crystals like ours; 20 GeV (FACET):

• K%0.9 (scales w/&!)

• Nphotons: 2x109 in 1st harmonic

(2x1010 e– /pulse)

• 0.10 photons/e– in 1st harmonic

• #E % 0.13 MeV

!A typical Compton source may

produce 0.03 photons/e–

• crystal competitive in intensity

• needs development to reach brightness.

27
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Radiation Spectrum (10 GeV e–)
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single crystal  T. Wistisen
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Gamma-Ray Experiment (T523)

!Use sweeper dipole to dump electrons on 3C2 collimator

!Scintillating-Fiber calorimeter for gamma-spectroscopy

• necessitates single-photon counting to get spectrum

• Collimator in X to define angle of gammas

!Difficulties:

• single-particle beam => “flying blind”

- setup with full intensity

• electrons dumped close to beam line

- signal-to-noise ratio a concern
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High-Intensity spectra
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energy-weighted pulse height spectra of "E(!n)

Channeling
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Single-Photon spectra (bkg subtracted)
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Single-Photon spectra (bkg subtracted)
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Total tally above 80 MeV:  % 0.02 photons/electron

B. Benson
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Comment to (single-photon) Spectra

!The amorphous spectrum is flat as expected

!The VR spectrum is consistent with synch. radiation

• Ecrit % 740 MeV => $ % 8 mm, localization a few $m.

• Not clear whether there is an enhancement over Bethe-Heitler.

!The channeling spectrum is too weak to make a 

statement

• probable cause is unfortunate choice of angle 

(cf. high-intensity spectrum)

!Signal-to-noise is about 1:1
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Next Steps 

!Improve gamma-radiation data quality

• identify and mitigate background source(s)

- Geant4 simulation of beam line & collimation (Bagli)

- better shielding of collimator

• Increase event rate (factor % 3 before pile-ups become issue)

• lower detection threshold (need factor > 10).

• Try new Aarhus undulator crystal

!Build a Compton spectrometer

• allows much higher data rate, full intensity beam.

• Trade efficiency for resolution

• limits gamma energy range from 0.1 to 10 MeV.

• Use LANL spectrometer??
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Summary

!Deflection data provide a wealth of information in an 

unexplored energy region of channeling

• constancy of dechanneling length not understood.

!“Quasi-channeling” wiggles indicate understanding of 

details of the beam dynamics within crystals.

!Radiation experiment difficult (as expected)

• clear evidence for radiation, excess over Bethe-Heitler not 

proven

• VR spectrum consistent with synchrotron radiation.

• Hi-intensity spectra show channeling radiation; single photons ?

!To explore VR undulator, we need

• increase data sample by about a factor 10

• increase signal-to-noise ratio by a few

• lower energy threshold by at least a factor 10
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